SUMMARY The purpose of this study was to evaluate and compare enamel micro-crack characteristics of adult patients before and after removal of metal brackets. After the examination with scanning electron microscopy (SEM), 45 extracted human teeth were divided into three groups of equal size: group 1, the teeth having enamel micro-cracks, group 2, the teeth without initial enamel micro-cracks, and group 3, control group to study the effect of dehydration on existing micro-cracks or formation of new ones. For all the teeth in groups 1 and 2, the same bonding and debonding procedures of metal brackets were conducted. The length and width of the longest enamel micro-crack were measured for all the teeth before and after removal of metal brackets. The changes in the location of the microcracks were also evaluated. In group 3, teeth were subjected to the same analysis but not bonded. The mean overall width of micro-cracks after removal of metal brackets was 3.82 µ m greater than before bonding procedure ( P < 0.05). Also, a signifi cant difference was noticed between the width of micro-cracks in fi rst zone (cervical third) and third zone (occlusal third) after debonding procedure ( P < 0.05). New enamel micro-cracks were found in 6 of 15 (40 per cent) examined teeth. Greatest changes in the width of enamel micro-cracks after debonding procedure appear in the cervical third of the tooth. On the basis of this result, the dentist must pay extra care and attention to this specifi c area of enamel during removal of metal brackets in adult patients.
Introduction
The formation of enamel micro-cracks and fractures is one of the biggest concerns of people wearing  xed orthodontic appliances. It is proved by many studies ( Zachrisson et al. , 1980 ; Meng et al. , 1998 ; Sorel et al. , 2000 Sorel et al. , , 2002 Zachrisson and Buyukyilmaz, 2005 ; Chen et al. , 2008 ) that micro-cracks, which can develop during removal of brackets at the end of the treatment, may jeopardize the integrity of the enamel, cause stain and plaque accumulation on the rough fractured surface. That might increase susceptibility to carious lesions and detract from the appearance of the teeth ( Zachrisson et al. , 1980 ; Zachrisson and Buyukyilmaz, 2005 ) . Orthodontic treatment may be performed for adult patients whose enamel has higher elastic modulus and hardness at the tooth ' s surface than that from young people ( Park et al. , 2008 b) . These properties of the enamel might correlate to the fracture toughness and brittleness ( Park et al. , 2008 b) . Thus, the question about the effect of debonding on existing micro-cracks or formation of new ones in teeth of adult patients arises.
Previous researches ( Birnie, 1990 ; Bishara and Trulove, 1990 ; Bishara et al. , 1995 ; Schuler and van Waes, 2003 ; Chen et al. , 2007 ; Habibi et al. , 2007 ; Bishara et al. , 2008 ; Chen et al. , 2008 ; Heravi et al. , 2008 ; Elekdag-Turk et al. , 2009 ) evaluated the effect of removal of metal and ceramic brackets on tooth enamel. Most studies ( Bishara et al. , 1995 ;  Evaluation of enamel micro-cracks characteristics after removal of metal brackets in adult patients Irma Dumbryte * , Laura Linkeviciene ** , Mangirdas Malinauskas *** , Tomas Linkevicius ** , Vytaute Peciuliene ** and Kristupas Tikuisis *** Chen et al. , 2007 Chen et al. , , 2008 Elekdag-Turk et al. , 2009 ) assessed the enamel surface only after removal of the  xed orthodontic appliances, without evaluation of the enamel surface before bonding procedure. On the contrary, study by Heravi et al. (2008) compared the number, length , and direction of enamel micro-cracks before and after removal of metal brackets. However, they did not analyse the width of micro-cracks. To our knowledge, there has been no reported evaluation of changes of this criterion after debonding, so the relationship between the width of micro-crack and removal of bracket is unknown.
Despite the existing knowledge about the ag e ing-related changes in enamel microstructure and its mechanical properties ( Park et al. , 2008a ( Park et al. , , 2008b , only few investigations analysed the in uence of debonding procedure on enamel of adult patients ( Zachrisson et al. , 1980 ) . Therefore, the primary objective of our study was to evaluate and compare enamel micro-cracks characteristics (location, length , and width) of adult patients before and after removal of metal brackets.
Materials and methods

Teeth
Extracted human teeth were collected in the surgical of ce of Zalgiris Clinic, Vilnius University (Vilnius, Lithuania).
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Inclusion criteria were the following: 1 . intact buccal enamel with no white spots , 2 . no pre -treatment with chemical agents (such as hydrogen peroxide) , 3 . no previous orthodontic treatment , and 4 . patients belonged to the middle age group 35 -54 years old , the average age was 42.8 ± 5.2 years [ middle age group was de ned according to the results from previous evaluations on human dentin ( Nazari et al. , 2009 ) ] .
In total , 45 extracted human teeth from 38 patients were collected (13 incisors, 3 canines, and 29 premolars) and stored at room temperature (37 °C ) in distilled water, which was changed every day till the beginning of the study in order to prevent dehydration ( Liu et al. , 2002 ) .
Enamel surface evaluation
The buccal enamel surfaces were evaluated with a scanning electron microscopy (SEM ; Hitachi TM-1000, Tokyo, Japan) operated at 15 kV, at less than 5 × 10 − 2 Pa (electron gun vacuum) and at approximately 30 -50 Pa (specimen chamber vacuum). In the initial examination for micro-cracks , × 50 -100 level of magni cation was chosen. If sometimes we were not sure whether there was a crack, only doubtful site was examined at higher magni cation for con rmation or rejection of the existence of the crack. However, if we did not notice any micro-cracks or at least indistinct areas at × 50 -100 magni cation, those teeth were meant to be without cracks and were not analysed at higher magni cation.
All the 45 extracted human teeth were included in the  nal sample. SEM micrographs of all the buccal enamel surfaces were taken. Montages (stitching together of multiple images) of the SEM micrographs were made to reconstruct images of some crowns. From digital SEM micrographs , vertical height of a tooth ' s crown was measured. The buccal enamel surface was divided in three zones of equal height (  rst zone -cervical third, second zone -middle third, and third zone -occlusal third) for detailed mapping of enamel micro-cracks [ enamel surface division was based on the methodologies of other investigations ( Schuler and van Waes, 2003 ; Bishara et al. , 2008 ; Chen et al. , 2008 ; Figure 1 ) ] . After the examination with SEM, the teeth were assigned to one of three groups of equal size: group 1 ( 4 incisors, 1 canine, and 10 premolars), the teeth having enamel micro-cracks, group 2 (5 incisors, 1 canine, and 9 premolars), the teeth without initial enamel micro-cracks , and group 3 ( 4 incisors, 1 canine, and 10 premolars) and control group to study the effect of dehydration on existing micro-cracks or formation of new ones.
Every zone was divided in 10 measurement areas using a ruler constructed for this purpose; a total of 30 measurement areas were obtained. A measurement step (the distance between two measurement areas) was quanti ed as follows:
where x = measurement step and h = vertical height of a tooth ' s crown. One enamel micro-crack of every tooth was analysed in detail. In cases of several visualized micro-cracks, the longest one was chosen. In every zone , the width of the longest micro-crack was evaluated (10 measurement areas of the width were recorded in every zone ; Figure 2 ). The length of the longest enamel micro-crack was quanti ed as follows:
where l = length of enamel micro-crack, n = number of measurement areas (distance between the  rst and the last measurement area in which micro-crack was located), and x = measurement step.
For all the teeth in group s 1 and 2, the width, length , and location (cervical, middle, and occlusal third) of the longest enamel micro-crack were measured before and after removal of metal brackets. The width of the longest micro-crack was evaluated in the same segment before and after debonding in spite of the changes in the length of the micro-crack.
In group 3, the teeth were subjected to the same analysis but not bonded. All the examination was performed by one person. The surface of enamel was evaluated with SEM within 30 minutes after the tooth was taken out of water (some degree of tooth dehydration occurred during vacuumation microscopy procedure, but effort was made to keep the dry time duration approximately the same for different teeth ; Bajaj et al. , 2006 ) .
Bonding procedure
Each type of teeth was bonded with appropriate metal brackets (Discovery; Dentaurum, Germany). The buccal surface of each tooth was cleaned, etched with 34.5 per cent phosphoric acid gel (Vococid; Voco, Germany) for 30 seconds, washed for 20 seconds , and then dried for 10 seconds. After etching, a 318 I. DUMBRYTE ET AL.
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thin uniform coat of primer (Contex Primer; Dentaurum) was applied and cured with light for 10 seconds. The bonding base of metal bracket was applied with resin adhesive (Contex Lc; Dentaurum). Then , the bracket was positioned with the help of a gauge and pressed onto the enamel , excess adhesive was removed. The light-cure adhesive was exposed to halogen light (Mini L.E.D.; Satelec) for 20 seconds. After bonding, all teeth were stored in distilled water for 12 hours at 37 °C prior to testing.
Debonding procedure
All bonded metal brackets were removed with the conventional Utility/Weingart (Dentaurum) pliers by hand [ debonding method was based on the methodology of other study ( Bishara et al. , 2008 ) ] . The mesio -distal edges of the bracket wings were squeezed gently until the bracket was removed.
After debonding, all visible residual adhesive was removed using a slow-speed handpiece and a carbide- nishing bur. The enamel surface was then reevaluated with SEM as described earlier.
Measurement errors were analysed using a method suggested by Bland and Altman (1986) . The surface of enamel was reimaged and the measurements repeated for 10 teeth. The estimated error between measurements was calculated with this formula: where ± 2 SD = the limits within which 95 per cent of the differences between repeated measurements are expected to lie, d 1 =  rst measurement, d 2 = second measurement, and N = number of teeth. Measurement error in the width of the micro-crack did not exceed ± 1.23 µ m before bonding procedure and ± 2.10 µ m after removal of metal brackets. The limits of the length of the micro-crack were ± 0.62 mm before and ± 0.31 mm after debonding procedure. The effects of these errors on the reliability of the width and length measurements were deemed non-signi cant.
Statistical analysis
Statistical analysis was carried out using the Statistical Package SSPS 17.0. The mean, standard deviation (SD) , maximum, and minimum were calculated for each variable. Paired samples T test was performed to evaluate differences between the length and width measurements before and after removal of metal brackets. Signi cance level was set to P = 0.05 with a con dence interval of 95 per cent .
Results
The mean width values and SD s of enamel micro-cracks for g roup 1 are presented in Table 1 . Paired samples T test showed a signi cant difference ( P < 0.05) between the mean overall width of enamel micro-cracks before bonding (9.22 µ m) and after removal of metal brackets (13.04 µ m). A further examination of the results indicated that the width of enamel micro-cracks varied in different zones. After removal of the metal brackets , the difference in width was signi cantly greater ( P < 0.05) between  rst zone (cervical third) and third zone (occlusal third ; 6.01 µ m) than between  rst zone and second zone (middle third ; 2.43 µ m) or between second zone and third zone ( − 0.36 µ m). The mean length values, SDs of enamel micro-cracks , and the difference before bonding and after removal of metal brackets for g roup 1 are given in Table 1 . Evaluation of the frequency of new enamel micro-cracks after debonding procedure for g roup 2 indicated that 60 per cent of examined teeth did not show new micro-cracks after removal of metal brackets. Enamel micro-cracks were recorded in 6 of 15 (40 per cent) teeth. The mean width, length values , and SDs of these new micro-cracks are presented in Table 2 .
The descriptive statistics of the width and length values of enamel micro-cracks for g roup 3 and the results of paired samples T test are shown in Table 3 . There was noticed a small increase in the width of enamel microcracks in all three zones but signi cant result ( P < 0.05) was found in  rst zone (cervical third ; − 0.38 µ m). Differences in the mean overall length ( − 0.04 mm) and width ( − 0.37 µ m) of micro-cracks were non-signi cant. Examination of the effect of dehydration on formation of new enamel micro-cracks indicated that new micro-cracks were not recorded.
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not always possible to measure the width and length parameters of such small cracks precisely with the SEM used in our study. Secondly, the majority of our evaluated teeth had the pronounced enamel cracks (that were visible with a naked eye), so we did not encounter problems in detecting cracks at such magni cation. Finally, the same range of magni cation used for all the teeth brought more accuracy and uniformity to the study.
Our sample size consisted of incisors, canines , and premolars. Different teeth groups did not let us to form uniform sample size ; thus , it could be attributed to the limitations of the present investigation. However, initial examination with SEM showed that these three types of teeth demonstrated similar initial enamel characteristics (initial proportions of micro-cracks greater than 50 per cent in each type of teeth). Furthermore, other authors used similar types of teeth in the evaluation of enamel surface ( Zachrisson et al. , 1980 ; Schuler and van Waes, 2003 ) . Enamel microcracks were the main criteria for assigning teeth to one of three groups of equal size: the teeth without enamel microcracks composed group 2 and the teeth having initial enamel micro-cracks were randomly assigned to group 1 or group 3. Efforts were made to form groups having approximately equal number of teeth from different tooth types. 
Discussion
As the literature contains only a few studies where examination of enamel surface with a SEM is presented in detail, we had to create our own evaluation of enamel micro-cracks protocol. Therefore, before examining a study sample with SEM, we experimentally evaluated a group of teeth. Performed trials showed that it was possible to detect enamel cracks at ×50 -100 magni cation. In the initial examination , higher than ×100 level of magni cation was not chosen. First of all, it was dif cult and 320 I. DUMBRYTE ET AL.
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Findings from the present study indicate that removal of metal brackets has an effect on the changes of the width of micro-cracks. We noticed a signi cant increase (3.82 µ m) in the mean overall width of micro-cracks after debonding procedure. A more detailed examination de ned that after removal of metal brackets , the difference in width was greatest between  rst zone (cervical third) and third zone (occlusal third ; 6.01 µ m). This suggests that forces during debonding procedure are more concentrated in the cervical rather than middle or occlusal third of the tooth. These  ndings can be supported by previous studies ( Schuler and van Waes, 2003 ; Tüfekci et al., 2004 ) . Tüfekci et al. (2004 ) found that any damage on the enamel surface was usually located in the cervical third of the teeth. Schuler and van Waes (2003) stated that the middle of the labial surface, where the bracket was  xed, was not the area most affected but rather the proximal and cervical borders.
Analysing the changes in the length of enamel microcracks during removal of metal brackets, we found that the mean length of micro-cracks was non-signi cantly smaller after debonding (5.80 mm) than before bonding procedure (5.94 mm). This is similar to the outcome of the investigation by Bishara et al. (1995) indicating that most of the teeth (82.02 per cent) experienced no increase in enamel cracks after removal of brackets using universal testing machine. The further support for this argument can be found in another study by Habibi et al. (2007) , reporting that 63.90 per cent of evaluated teeth did not show an increase in lengths of micro-cracks after debonding procedure proposed by Bishara et al. (1993 Bishara et al. ( , 1995 . However, it must be pointed out that in the current investigation , brackets were removed with Weingart pliers by hand. Although we were unable to control or standardize the actual debonding forces, it is likely that removal of brackets by hand using pliers helped us to avoid larger than the hand debonding loads used in clinical practice ( Chen et al. , 2008 ) . Mechanical testing often is criticized for not representing a clinical stress situation realistically ( Eliades, 1994 ) . Thus, efforts were made to choose a debonding method that would be safe enough and simulate more closely the debonding forces applied in actual clinical situations.
In contrast to our study, Heravi et al. (2008) found the increase in the length of enamel micro-cracks after removal of metal brackets. The difference of the results can be explained by several reasons. Heravi et al. (2008) did not polish the teeth or attempt to remove the adhesive remnants before the evaluation of the buccal surface. According to the methodology of the present study, all visible residual adhesive was removed with the use of a slow-speed handpiece and a carbide- nishing bur. However, efforts were made to minimize undesirable effect of rotary instruments on tooth enamel and evaluation of cracks. We used light movements of the bur as not to scratch the enamel. Water cooling was not employed when the last remnants were removed because water lessens the contrast with enamel. Furthermore, according to previously performed investigations , the least enamel loss was seen after the use of this method for the residual adhesive removal ( Van Waes et al. , 1997 ; Hosein et al. , 2004 ) .
On the basis of the methodology of our study , special polishing instruments were not used after removal of the residual adhesive with the carbide- nishing bur. Although there is presently limited understanding of the polishing effect on enamel micro-cracks, we suppose that the debonding protocol of our investigation helped us to some degree to avoid dif culties of distinguishing cracks from the surrounding intact enamel. In addition, the study by Heravi et al. (2008) used different methods for the length evaluation. Orthodontic literature contains few studies that analyse the length of micro-cracks and methods of analysis either are not described or differ from our survey ( Lloyd et al. , 1978 ; Habibi et al. , 2007 ; Heravi et al. , 2008 ) .
There are investigations showing correlation between the tissue dehydration and the dynamic dimensional changes within dentin and enamel , dehydration , and the fatigue crack growth resistance ( Bajaj et al. , 2006 ) . In order to analyse the possible effect of dehydration on existing enamel micro-cracks or formation of new ones, control group was made in our study. The teeth were subjected to the same analysis, only without bonding and debonding procedures. New enamel micro-cracks were not recorded. We found that differences in the mean overall length ( − 0.04 mm) and width ( − 0.37 µ m) of micro-cracks were non-signi cant. 6 of 6
Evaluating the width of enamel micro-cracks in each zone, signi cant result ( P < 0.05) was noticed in  rst zone (cervical third ; − 0.39 µ m). However, after the initial examination with SEM, we identi ed short micro-cracks that usually occupied second zone (middle third) and third zone (occlusal third), so our sample size during the  nal measurement consisted of 6 of 15 teeth in  rst zone. Thus, it would not be appropriate to consider this result as signi cant. Therefore, our  ndings did not indicate the width and length of enamel microcracks dependence on dehydration of specimen ' s attendant to SEM specimen preparation and observation. Another objective of our study was to  nd out if new enamel micro-cracks appear after debonding procedure. Enamel micro-cracks were recorded in 6 of 15 (40 per cent) teeth ; thus , the majority of examined teeth did not show new micro-cracks after removal of metal brackets. This can be attributed to debonding method. Removal of metal brackets with pliers by hand applies a bilateral force at the bracket base -adhesive interface. It is suggested that such a debonding pattern has the advantage of protecting the enamel surface ( Elekdag-Turk et al. , 2009 ) , so bracket removal by hand with various instruments is widely used and described in other studies ( Bishara et al. , 2008 ; Heravi et al. , 2008 ; Elekdag-Turk et al. , 2009 ).
Conclusions
The results of this in vitro study show a signi cant increase in the mean overall width of enamel micro-cracks after removal of metal brackets in adult patients. Detailed examination of the results indicates that greatest changes in the width of micro-cracks after debonding procedure appear in the cervical third of the tooth. On the basis of this  nding, the dentist must pay extra care and attention to this speci c area of enamel during removal of metal brackets in adult patients.
Other results of this investigation are encouraging since, for the majority of examined teeth, new micro-cracks were not recorded after debonding procedure. However, it seems advisable to notify patients of such enamel micro-cracks before orthodontic treatment is started, in order to avoid problems later because documentation of micro-cracks is very dif cult and not always possible .
